A vaccine capable of stimulating protective antiviral antibody responses is needed to curtail the global AIDS epidemic caused by HIV-1. Although rarely elicited during the course of natural infection or upon conventional vaccination, the membrane-proximal ectodomain region (MPER) of the HIV-1 glycoprotein of M r 41,000 (gp41) envelope protein subunit is the target of 3 such human broadly neutralizing antibodies (BNAbs): 4E10, 2F5, and Z13e1. How these BNAbs bind to their lipid-embedded epitopes and mediate antiviral activity is unclear, but such information might offer important insight into a worldwide health imperative. Here, EPR and NMR techniques were used to define the manner in which these BNAbs differentially recognize viral membrane-encrypted residues configured within the L-shaped helix-hinge-helix MPER segment. Two distinct modes of antibody-mediated interference of viral infection were identified. 2F5, like 4E10, induces large conformational changes in the MPER relative to the membrane. However, although 4E10 straddles the hinge and extracts residues W672 and F673, 2F5 lifts up residues N-terminal to the hinge region, exposing L669 and W670. In contrast, Z13e1 effects little change in membrane orientation or conformation, but rather immobilizes the MPER hinge through extensive rigidifying surface contacts. Thus, BNAbs disrupt HIV-1 MPER fusogenic functions critical for virus entry into human CD4 T cells and macrophages either by preventing hinge motion or by perturbing MPER orientation. HIV-1 MPER features important for targeted vaccine design have been revealed, the implications of which extend to BNAb targets on other viral fusion proteins.
T he 120-nm-diameter HIV-1 is a retrovirus that has a small genome consisting of 9 genes. The enveloped virion surface expresses the trimeric glycoprotein of M r 160,000 (gp160) spike protein, whose gp120 and gp41 subunits are assembled into noncovalently associated heterodimers. Unlike gp120, each gp41 subunit has a transmembrane segment (TM) that inserts into the membrane of the virus. The membrane proximal ectodomain region (MPER) links this TM to the folded gp41 ectodomain. Entry of HIV-1 into human T cells is mediated by attachment of the gp120 subunit to receptor CD4 and then binding to the coreceptor (CCR5 or CXCR4) (1) . These interactions result in structural rearrangement of the gp41 subunit, followed by fusion of viral and host cell membranes (2, 3) . Thus, antibody-mediated protection against HIV-1 must target the gp120/gp41 envelope trimer, the only viral protein exposed on the virion surface.
Although high-titer, strain-specific neutralizing antibodies are readily generated during the course of natural infection or against subunit vaccines, broadly neutralizing antibodies (BNAbs), in contrast, are rarely produced (reviewed in ref. 4) . Sequence variability, extensive glycosylation, and immunodominance of those exposed, largely variable segments subvert immune responsiveness (5, 6) . Hence, only 5 BNAbs have been isolated to date from human patient-derived material (7) (8) (9) (10) (11) (12) (13) (14) . Among them, 3 (2F5, 4E10, and Z13e1) bind to the MPER of gp41, a region known to be important for viral fusion (Fig. 1A) (15, 16) . In a recent structural study, it was shown that the MPER adopts a metastable L-shaped structure embedded in the viral membrane comprising a N-terminal helical segment (residues 664-672) tilted with respect to the membrane, and a near-flat C-terminal helix (675-683) connected via a flexible hinge (Fig. 1B) (17) . This membrane-embedded feature makes the segment less accessible to immune attack and harbors strategically positioned tryptophan residues associated with viral fusion. Further structural analysis of 4E10 bound to the HxB2 MPER from clade B strain suggests that the neutralization mechanism of 4E10 is correlated with the ability of the antibody to extract core epitope residues W672 and F673 buried in the lipid acyl chains. In the present study, we examine and compare the molecular mechanisms of viral neutralization mediated by the 2 other BNAbs with that of 4E10, whose binding sites are adjacent or overlapping such that they sterically crossblock one another. Our studies reveal how distinct mechanisms of viral inhibition can be targeted on this one discrete envelope segment.
Results

Immersion Depth Changes of MPER Residues upon 2F5 and Z13e1
Binding by EPR. EPR and NMR analyses were performed with 2F5 and Z13e1 by using an HxB2 MPER (N674D) variant to preserve the optimal core epitope recognition of Z13e1 (11) . We note also that D674 is the consensus residue for group M HIV-1. Results of the NMR study suggest that although there are perturbations to the local environment surrounding residue D674, the variant has little conformational change compared with the N674 sequence (Figs. S1 and S2). Membrane immersion depths of the spin-labeled side chains (R1) using site-directed mutant MPER peptides were determined by the ratio of the collision accessibility values of relaxant reagents, oxygen, and nickel(II) ethylenediaminediacetic acid (NiEDDA), measured via power saturation techniques (18) (Fig. 1 C and D) . Both the sequential immersion depth values and the periodicity of accessibility parameters (Fig. S3) suggest that the variant MPER segment retains the same membrane orientation and L-shaped configuration as the wild-type MPER.
To first examine the changes in MPER orientation induced by 2F5, membrane immersion depth values of spin-labeled residues in MPER peptide upon mAb binding were compared to that of MPER alone (Fig. 1C) . Four spin-labeled residues (L669, W670, W672, and F673) located C-terminally to the 2F5 epitope in the MPER N helix and not exposed to solvent were chosen to provide meaningful measurements without abolishing 2F5 binding. Remarkable immersion depth changes were observed with L669R1 and W670R1 upon 2F5 binding (Fig. 1C) . L669R1, deeply buried in the acyl chain region of lipid bilayer (depth Ͼ8 Å) before mAb binding, was lifted out of the membrane surface by 2F5 and exposed to the aqueous phase. W670R1 was moved into the lipid head group region, whereas the W672R1 and F673R1 residues were raised slightly up but remained in the acyl chain region. Little changes were observed with residues analyzed in the MPER C helix. Given these results and those from crystal structures of 2F5 in the complex with peptides (19) (20) (21) , the 2F5-bound MPER segment likely encompasses an Nterminal extended ''EL'' region, followed by a type I ␤-turn motif at the core ''DKW'' epitope leading to W670 in a helical configuration connected to the MPER hinge and the C helix (Fig. 2D) . Hence, as predicted by the 2-step conformational change model by BIAcore shared in common with 4E10 (ref. 22 and references therein), 2F5 may first interact with surfaceexposed residues (E662 to D664), followed by extraction of buried residues (K665 and W666) into its binding pocket, subsequently lifting up the entire MPER N helix. Of note, the nonneutralizing but 2F5-crossblocking mAb 13H11 (22) failed to react with the membrane-embedded MPER by BIAcore (Fig.   S4 ). The 13H11 epitope in the MPER includes L669 in the sequence ''DKWASLW,'' and mutation of L669 to alanine abrogates 13H11 binding to the MPER (B. F. Haynes, M. S. Alam, and G. D. Tomaras, personal communication). The fact that residue L669 is membrane-embedded (Fig. 1B) indicates a different configuration of the MPER on the membrane from that in the soluble recombinant immunogen-group M shortened consensus (CON-S) gp140 envelope oligomer used to elicit 13H11 (22) . This finding emphasizes the importance of a membrane environment for the relevant native MPER configuration.
To define the orientation of the MPER in complex with a third BNAb, Z13e1, we generated spin-labeled mutant MPERs at each residue position from W666 to W680. The affinities of Z13e1 to each cysteine-substituted, spin-labeled MPER peptide by BIAcore analysis (Fig. S5) were consistent with previous competitive ELISA studies using alanine-substituted MPER peptides (11). Membrane depth values were then determined for spin-labeled MPER peptides that retained greater than 50% Z13e1-binding reactivity relative to control MPER. No extraction of buried MPER residues was observed upon Z13e1 binding (Fig. 1D ). W672R1 and F673R1 at the hinge were only slightly lifted up within the acyl chain region of lipid bilayer. By contrast, W666R1 in the N helix and W678R1 and L679R1 in the C helix actually appear somewhat more immersed in the membrane, although similar effects of A667R1 and S668R1 may be accounted for in part by shielding at the Z13e1 interface. Overall, unlike 4E10 and 2F5, Z13e1 only subtly changed the MPER membrane orientation without extracting buried residues in hinge or helical segments. 
MPER Conformational Changes upon Z13e1 Binding Revealed by NMR.
To further characterize any Z13e1-induced MPER conformational changes, we obtained NMR spectra of Z13e1 Fab-bound MPER peptide ( 2 H 13 C 15 N-isotopically labeled) in the presence of dodecylphosphocholine (DPC) micelles. Three clusters, including residues A667 and L669, residues N671 to T676, and residues Y681 to K683, show large (Ͼ0.5 ppm) chemical shift changes (Fig. 2 A) . The 2 most affected residues are D674 and I675, in agreement with D674 being the key epitope residue for Z13e1 binding. Compared with the chemical shift change pattern found for 4E10 binding (of the wild-type MPER), the Z13e1-binding site extends more toward the N terminus (Fig. 2 A) . Because chemical shift change can be induced by both direct binding and indirect conformational change effects, we carried out NMR saturation transfer experiments to directly gauge the Z13e1-binding site on MPER. Fully deuterated MPER peptides in deuterated DPC micelles were mixed with the protonated Z13e1 Fab. By saturating methyl proton signals from the Z13e1 Fab, we observed magnetization cross-saturation transfers to the MPER amide groups that are in close contact with the antibody. As shown in Fig. 2B , the Z13e1 contacts amide groups extending from S668 to Y681. Distinct NOE peaks were observed in a 15 N-NOESY experiment between amide protons of residues including (but not limited to) A667, S668, F673, D674, N677, and Y681 to K683 from the MPER and aliphatic protons from Z13e1, indicating contacts with distances typically less than 5 Å (Fig. S6) . These results suggest that Z13e1 contacts residues across the central MPER hinge region, like 4E10; however, it has a more extended binding site along the MPER compared with that of 4E10.
By using the 2 H, 13 C, 15 N-isotopically labeled MPER bound to Z13e1 Fab, we determined the characteristic 13 C chemical shifts of their CЈ, C␣, and C␤ atoms of each residue (Fig. S7 ). Based on their secondary structure-induced systematic chemical shift changes, we used TALOS (23) software to predict the backbone dihedral angles of the Z13e1-bound MPER peptide. Several findings are noteworthy. First, after Z13e1 binding, the N-terminal residues of MPER up to S668 become extended or even unstructured (Fig. 2C) . Second, the Z13e1-bound MPER otherwise retains nearly the same helical pattern, and perhaps overall conformation, at the antibodybinding site (Fig. 2C Top and Middle) as the unbound MPER, in contrast to the large conformational change induced by 4E10 binding (Fig. 2C Middle and Bottom) . Third, the backbone ⌽ and ⌿ predictions for the helical segments of Z13e1-bound MPER, from L669 to W672 and from I675 to Y681, deviate significantly from the typical ␣-helical values of Ϫ57°and Ϫ47°compared with micelle-bound MPER in the absence of Z13e1, which has more regular helical dihedral angles. These changes indicate that Z13e1 probably distorts slightly the local conformations of each residue while largely maintaining the overall peptide conformation (Fig.  2D) . This is consistent with the fact that Z13e1 does not interact with the model viral membrane in our assays (17) , instead binding to only those exposed or partially exposed MPER residues accessible on the membrane surface.
Z13e1 Immobilizes the MPER. The NMR spectra of saturation transfer experiments show that the Z13e1-bound MPER residues have more than twice the cross-saturation transfer efficiency compared with 4E10-bound peptide in their overlapping binding area. Hence, Z13e1 binds the MPER segment itself more tightly than 4E10 and rigidifies the bound peptide. The mobility changes of the MPER peptide upon Z13e1 binding can be visualized by the dramatic decrease in the NMR peak intensity between residues S668 and L679 (Fig. 3A) . The N-terminal residues up to W666 and the C-terminal K683 are extremely mobile compared with the rest of the peptide, suggesting these residues are most likely unstructured. This is in contrast to 4E10-bound MPER as described in our prior analysis, where the N-terminal helical segment (shortened from the C-terminal end by 3 residues) is largely mobile as a single structural unit (17) .
Consistent with the NMR findings, pronounced EPR spectral changes were observed for residues at or near the proposed epitope (11) upon Z13e1 binding. For residues S668R1, W670R1, N671R1, W672R1, N674R1, I675R1, T676R1, W678R1, and L679R1, spectra with broader peak-to-peak splitting were found compared with mAb-free MPER side chains, indicating decreased mobility of these R1 residues (Fig. 3B) . The broadening of the EPR spectra of Z13e1-bound MPER peptides was quantified by reciprocal secondmoment determination of the line shapes of each EPR spectra (Fig.  3C ). Fig. 3C shows that the interaction region of MPER segments and Z13e1 most likely includes residues S668 to L679. Notably, deeply buried L669R1 and F673R1 are relatively flexible compared with their neighboring residues, suggesting that those 2 side chains are less motion-restricted and probably extend away from the mAb interface. Therefore, Z13e1 recognizes the aqueous phase-facing surface of the MPER. The initial interaction with pivotal residues N671 and D674 for Z13e1 binding (11) may subsequently establish close backbone and side-chain contacts with a large number of MPER residues encompassing both the N and C helices of MPER. The Z13e1-bound MPER is immobilized in the segment from S668 to L679 much more profoundly than the 4E10-bound MPER (Fig.  3A) . With a relatively larger number of MPER residues in the binding site, possibly including main-chain interactions, Z13e1 achieves tighter binding without the deep binding pockets found in 4E10 and 2F5. By clamping down on its epitope residues, Z13e1 freezes any MPER hinge mobility, permitting only limited conformational changes at the membrane interface (Fig. 2D ).
Important Contribution of W680 to 4E10 Binding and Membrane
Reorientation of the MPER. Although the linear epitope sequences of 4E10 and Z13e1 binding coincide in the central MPER region, 4E10 involves residues that extend more C-terminally (Fig. 1 A) . Among surface-exposed residues, N671 and W680 are probably initial contact residues between 4E10 and the membraneembedded MPER (Fig. 4A) (17) , with N671 also crucial for Z13e1 but W680 unique for 4E10. We therefore asked whether primary contact of W680 by 4E10 may contribute to its subsequent epitope extraction and/or membrane MPER reorientation after membrane interaction, as described previously (17) .
To experimentally examine the role of W680 in 4E10 function, membrane immersion depths of L669R1 and W678R1 were measured as references for 4E10-induced MPER conformational change. As shown in Fig. 4B , the binding reactivity of 4E10 to both L669R1/W680A and W678R1/W680A mutant MPER was slightly reduced but comparable to that of 4E10 binding to control MPER by BIAcore. However, the mobility change of L669R1/W680A and W678R1/W680A MPER mutants upon 4E10 binding was diminished compared with wild-type MPER, as shown by the EPR spectra in Fig. 4C , indicating that the W680A mutant affects 4E10 interaction with MPER. Perhaps more importantly, no immersion depth change of L669R1 in the W680A MPER variant was observed upon 4E10 binding, whereas it was evident that L669R1 was lifted from the membrane acyl chain region to the lipid head group region for the wild-type MPER (Fig. 4D) . Note that the W678R1 in the W680A MPER variant remains in the acyl group region, similarly to that in wild-type MPER upon 4E10 binding. In contrast, the membrane depth change of the L669R1 residue was detected with N677A mutant MPER, although somewhat less compared with wild-type MPER (Fig. S8) . Of note, surface-exposed N677 is involved in contact with both Z13e1 and 4E10. These data suggest that the initial interaction of W680 with the 4E10 CDRH3 loop allows the MPER to wrap around the base of the membraneanchored 4E10 and bring the key epitope residues in the central hinge region closer to the hydrophobic 4E10 CDRH2 loop for extraction (Fig. S9) .
Discussion
All 3 BNAbs inhibit MPER hinge motion, either by perturbing MPER membrane orientation of the N helix (2F5) or extraction of Residues from S668 to L679 in Z13e1-bound MPER are highly immobile. In contrast, only residues from N671 to I682 in 4E10-bound MPER are highly immobile. (B) EPR spectra of R1 side chains in the MPER. Black traces indicate spectra obtained in the absence of Z13e1. Spectra recorded in the presence of 2-fold molar excess of Z13e1 to peptide are identified by the red traces. Features attributive to highly mobile spectra (W666R1) and highly immobile ones (N671R1 and T676R1) are marked by arrows in white and in red, respectively. All spectra were acquired at 2-mW incident microwave power with a 2-G modulation amplitude and a 100-G scan width. (C) Plot of immobility parameter (the inverse of second moment, ͗H 2 ͘ Ϫ1 ) of each of the EPR spectra with bound Z13e1 mAb. Large ͗H 2 ͘ Ϫ1 value corresponds to highly mobile residues. the centrally disposed MPER hinge (4E10) or by rigidifying the MPER segment over an extended surface contact area (Z13e1). The hinge confers independent movement of C and N helical segments of the MPER (and more N-terminal elements of gp41), facilitating structural rearrangement at reduced energetic cost during the fusion process. The apparent plasticity of the N helix segment upon antibody binding, as observed with all 3 BNAbs (Fig.  2D) , underscores a more metastable segment N-terminal to the central hinge MPER region and is noteworthy for harboring the 3 tryptophan residues critical for membrane fusion (16) . Conversely, the persistent configuration of the MPER C helix argues that this may be the conserved native state configuration, a true ''Achilles' heel.'' 2F5 and 4E10 may exploit the naturally occurring motion and flexibility at the MPER N terminus and hinge to extract buried hydrophobic residues to achieve tight binding. Taken together, these BNAbs may interfere with viral fusion by inhibiting membrane disruption at an early stage and/or by blocking interaction between the MPER and the other region(s) of gp41 at a late stage (24) (25) (26) (27) (28) .
Z13e1 and 4E10 recognize overlapping epitopes, with 4E10 manifesting broader cross-reactivity and stronger neutralization potency than Z13e1 (11) . The more hydrophobic 4E10 interactions confer broader cross-reactivity than Z13e1, whose rigid binding to aqueous surface-exposed MPER elements can be inferred from biophysical parameters noted here and sequencesensitive binding noted previously (11) . Most of the 4E10 hydrophobic interactions occur in the deep binding pocket at the top or along one side of the MPER. We speculate that the latter interactions are largely missing from the Z13e1 interface but are compensated by the involvement of a greater number of MPER residues. Consequently, Z13e1 may be particularly vulnerable to structural rearrangement involving the N helix as a consequence of diminished affinity and/or stereohindrance. This difference may explain why, despite comparable binding affinities, 4E10 is Ϸ10-fold more potent at viral neutralization than Z13e1 (11) .
Although it has been a difficult challenge to elicit BNAbs against MPER-related immunogens, the observation that such antibodies develop in a small fraction of HIV-positive individuals during infection offers optimism (29, 30) . In that regard, our structural BNAb analysis sharpens the focus of immunogen design targeted to the MPER. For example, although theoretically any antibody ligating this segment with high affinity might confer neutralizing activity, conformational variability and frequent mutations in the most prevalent genetic subtype C may limit immunogen design targeting the 2F5-like epitope (31) . Given minimal membrane contribution to binding involving multiple solvent-exposed residues, a protein scaffold immunogen approach seems warranted in an attempt to elicit Z13e1-like antibodies. However, sequence variability and key surfaceexposed residues critical to this type of BNAb binding must be taken into design consideration. In that regard, 4E10-type antibodies are most advantageous, given sequence conservation of the C-terminal MPER segment and resulting neutralization breadth and potency. Elicitation of 4E10-like antibodies will likely require an MPER immunogen placed in a membrane context to induce both antibody interaction with the membrane and a capacity to extract conserved critical residues.
Materials and Methods
EPR. EPR spectroscopy was performed on a Bruker EMX spectromenter as described previously (17), with minor modifications. EPR spectra were recorded at 2-mW incident microwave power with a field modulation of 2.0 G at 100 kHz by using a Bruker high-sensitivity resonator. Power saturation measurements were carried out with microwave power varying from 0.4 to 100 mW and using a loop-gap resonator (JAGMAR) (17, 32, 33) . Samples were placed in gas-permeable TPX tubes (Molecular Specialties) and purged by either a stream of air or N 2 gas. There was 5 mM NiEDDA used for periodicity measurements, and 25 and 50 mM NiEDDA were used for immersion depth determination. The immersion depth parameter, ⌽, was calculated by the ratio of accessibility value ⌸ of O2 to NiEDDA. Depth standard curves were determined by using lipid vesicles containing trace amounts of spin-labeled lipids (1:500 by weight) in the presence and absence of 4E10 antibody. Spin labeling of synthesized peptides and surface plasmon resonance experiments are described in SI Materials and Methods.
NMR Experiments. For Z13e1-binding experiments, 0.56 mg of 15 N 13 C 2 Hlabeled MPER peptides (molecular mass, 3.2 kDa; final concentration, 0.64 mM) was mixed with approximately 0.67 mM Z13e1 Fab and 100 mM d38-DPC in 270 L of 10 mM NaPO4 buffer, pH 6.8. Backbone assignment data were acquired by using a Bruker Avance 750-MHz spectrometer, and crosssaturation experiments were run on a Varian Inova 600-MHz spectrometer. NMR data on 4E10-bound MPERs were extracted from a previous study (17) . The parameters used for the cross-saturation experiment were identical to that study. The backbone dihedral angles were predicted based on the assigned C␣/C␤ chemical shift values by using the software TALOS (23) .
Preparation of Fab Z13e1 from IgG. IgG Z13e1 was buffer-exchanged from PBS into 25 mM Tris⅐Cl and 1 mM EDTA, pH 8.5, and concentrated to 15 mg/mL by using Amicon ultracentrifugal filter devices (Millipore). Endoproteinase Lys-C (0.002 mg/mL; Sigma-Aldrich) was added to the antibody solution, and the mixture incubated for 4 h at 37°C. The Lys-C cleavage activity was stopped by addition of 1 mM N-␣-tosyl-L-lysyl-chloromethyl ketone (Sigma-Aldrich) and 400 mM leupeptin (Sigma-Aldrich). The digestion buffer was exchanged with PBS, as above, and the digested antibody mixture was depleted of undigested IgG and Fc fragment by 2 consecutive incubations with 1 mL (1 mg) of protein A-conjugated Sepharose beads (GE Healthcare) for 1 h at room temperature under gentle agitation. The Fab Z13e1-containing supernatant was collected and sterilefiltered (0.22 m). Fab Z13e1 was verified by ELISA for reactivity against recombinant gp41 and was found to be greater than 95% pure by SDS/PAGE.
Preparation of Liposomes.
Large unilamellar vesicles (LUVs) were prepared as described previously (34, 35) . Lipids were mixed in chloroform and dried as thin films under a nitrogen gas stream. To remove residual organic solvent, the lipid films were further dried by vacuum pump for Ϸ16 h. The lipids were resuspended in 20 mM Hepes and 150 mM KCl, pH 7.0, and subjected to 10 -15 freeze-thaw cycles, followed by extrusion 15 times through 2 sheets of polycarbonate membrane with a pore size of 100 nm (Avanti Polar Lipids). The concentrations of prepared LUVs were determined by phosphate contents as described previously (36) . Vesicles with virion membrane mimic were prepared at the molar ratio 9:18:20:9:45 of dioleoyl phosphatidylcholine/sphingomyelin/dioleoyl phosphatidylethanolamine/dioleoyl phosphatidylglycerol/ cholesterol. 1-Palmitoyl-2-oleoyl phosphatidylcholine/1-palmitoyl-2-oleoyl phosphatidylglycerol LUVs at a 4:1 molar ratio were used for power saturation measurements with MPER variants in the presence of 4E10 antibody for comparison with previously determined results (17) .
